Deoxycholate (DOC), chenodeoxycholate, 12-0-tetradecanoyl phorbol-13-acetate (TPA), or 1-oleoyl-2-acetyl-glycerol (OAG) activated colonic epithelial protein kinase C as reflected by translocation from the soluble to the particulate cell fraction. Activation of protein kinase C was correlated with stimulation of enhanced proliferative activity of colonic mucosa and reactive oxygen production. TPA and OAG, but not DOC, directly activated soluble protein kinase C in vitro. However, DOC rapidly increased labeled inositol phosphate and diacylglycerol accumulation in colonic epithelial cells. Retinoic acid inhibited protein kinase C activity and suppressed DOG-, TPA-, and OAG-induced increases in reactive oxygen production. The results support a role for protein kinase C in the stimulation of colonic epithelial proliferative activity and reactive oxygen production induced by bile acids, TPA and OAG. In contrast to TPA and OAG, which activate protein kinase C directly, bile acids appear to activate protein kinase C indirectly by increasing the diacylglycerol content of colonic epithelium.
Introduction
Bile acids stimulate the proliferative activity of colonic epithelium (1) (2) (3) (4) (5) , an action likely related to the ability of these agents to act as tumor promoters in experimental (6, 7) and, possibly, in human (7-10) colon carcinogenesis. The mechanisms by which bile acids enhance colonic epithelial proliferation are not known. However, one of the striking cellular actions of certain bile acids, such as deoxycholate (DOG)' and chenodeoxycholate which are potent stimuli of proliferative activity, is enhancement of membrane phospholipid turnover (4, 1 
1).
Numerous studies in recent years have linked enhanced turnover of membrane phosphoinositides to activation of Ca2"
and phospholipid-dependent protein kinase C (12) . Hydrolysis of inositol phospholipids by phospholipase C results in an increased cellular content of diacylglycerol which, in turn, is thought to serve as the endogenous activator of protein kinase C by increasing the affinity ofthe enzyme for Ca2+ (12) . Phorbol esters and other structurally unrelated tumor promoters directly activate protein kinase C in a manner analogous to diacylglycerol (13) (14) (15) . Activation of protein kinase C by these agents has now been linked to increased proliferative activity in several cell systems (16) (17) (18) (19) (20) (21) . Activation of protein kinase C has also been correlated with mitosis, viral transformation, and periods of rapid growth in cultured cells (16) . More recently, activation ofprotein kinase C has been implicated in the mediation of increases in superoxide production induced in neutrophils by phorbol esters (22) . In view ofthese considerations, we examined the possibility that bile acids may activate protein kinase C in colonic epithelium, and that activation ofthis enzyme may play a role in both the stimulation of epithelial proliferative activity and the enhancement of reactive oxygen production which we have previously described in colonic epithelium in response to bile acids (5) .
Methods
Determination ofornithine decarboxylase activity and tritiated thymidine incorporation into colonic mucosal DNA. Female Sprague-Dawley rats (Zivic-Miller Laboratories, Pittsburgh, PA) were fasted for 8 h before surgery and throughout the study period. Rats were anesthetized with pentobarbital (50 mg/kg i.p.), and the colon was exposed through a midline abdominal incision. Test agents were administered intracolonically as previously described in detail (4, 5) . For determination of ornithine decarboxylase activity (ODC), rats were sacrificed at 4 h after bile acid or saline. For determination of tritiated thymidine ([3H]dThd) incorporation into DNA, [3H]dThd (100 ,Ci/kg) was injected intraperitoneally 22 h after the bile salt or saline instillation had been made. Rats were then killed 2 h after the injection of [3H]dThd. Isolation ofcolonic crypts. Colonic crypts were isolated from rat colon by a method previously reported for crypt isolation in the mouse colon (23) , and employed earlier by our laboratory in colon (5) .
Measurement ofchemiluminescence. Chemiluminescence (CL) was measured as described previously (4, 5) in a Packard beta scintillation counter (model 3380, Packard Instrument Co., Downers Grove, IL) maintained at room temperature and operated in the out ofcoincidence mode (gain 100%, window A to infinity; discriminators 0-1,000). All values shown represent peak values obtained 10 s after addition of the crypt suspension or test agents and have been corrected for the background CL obtained with the phosphate-buffered saline plus luminol.
Measurement of0°production by cytochrome c reduction. 0°pro-duction by colonic crypts was measured by the reduction of acetylated cytochrome c as previously described in detail (5) . Assays routinely contained 75 MuM acetylated cytochrome c, 50 ug/ml catalase, 1 mM phosphate buffer, pH 7.4, and when indicated 20 Mg/ml superoxide dismutase.
Preparation and partial purification ofsoluble protein kinase C activity. The procedure used for homogenization of tissue, solubilization of particulate activity, and DEAE cellulose column chromatography is the same as that reported previously (17, 18) .
Assay ofprotein kinase C. Protein kinase C activity was determined as previously described (18 (13) . Aliquots of phosphatidylserine (10 mg/ml ethanol) and OAG (50 mg/ml ethanol) were evaporated under N2 and sonicated in 20 mM Tris, pH 7.6, before addition to the enzyme assay mixtures. Reactions were begun by the addition of 25 Ml of enzyme preparation to 50 Ml of assay mixture. Incubations were for 5 min at 30'C. Reactions were stopped by pipetting 50 Ml of the assay mixtures onto a square (1 X 1 cm) of filter paper (Whatman 31 Whatman Inc., Clifton, NJ) which had been dipped in 10% trichloroacetic acid (TCA), 2 mM NaH2PO4. Filter papers were then washed with agitation in 250 ml of ice-cold 10% TCA for 15 min followed by four changes of 10% TCA at room temperature. The papers were soaked in 95% ethanol for 5 min followed by ether for an additional 5 min and allowed to air dry before counting. Enzyme activity was linear for 2-5 min under all conditions of assay employed.
Determination oflabeled diacylglycerol. Labeled diacylglycerol was determined in colonic crypts which had been prelabeled with [3H]arachidonate. Colonic crypts (9 mg protein/5 ml) were preincubated with [3H]arachidonate (100 MCi/5 ml) for 60 min at 370C. The suspension was washed by centrifugation in Krebs-Ringer bicarbonate buffer (KRBG), which contained 50 mg/ml fatty acid free albumin, resuspended in KRBG and incubated (5 ml per flask) at 37°C with or without test agents for the times indicated in the text. At the end of the incubation the crypt suspensions were extracted. The neutral lipid fraction was isolated by silicic acid chromatography as previously described (24). Aliquots ofeach extract were applied to silica gel G thin-layer plates and developed with hexane/ethyl ether/acetic acid 80:20:2 as previously described (25) . Lipids were located with I2 vapor and the spot corresponding to diacylglycerol standard was transferred to a scintillation vial and counted.
Determination oflabeled inositol phosphates and phosphoinositides.
Colonic crypts were incubated for 2 h with 3 MCi/2 ml of [3H]myoinositol (sp act 80 Ci/mmol). Excess label was removed by washing the crypt suspension three times with KRBG. The crypts were then resuspended in KRBG plus 10 mM LiCl and incubated at 37°C for 3 min with or without 5 mM DOC. At the end of 3 min the incubation was stopped by addition of0.67 ml of 10% HC104 and the mixture was homogenized in a grinding vessel on ice. After centrifugation, inositol-l-phosphate (IP), inositol-1,4-bisphosphate (IP2), and inositol-1,4,5-triphosphate (IP3) were separated by Dowex formate chromatography as previously described in detail (26 (4, 5, 25) .
Results
Ca2" and phospholipid-dependent protein kinase C activity was not detectable in the crude l00,000-g soluble fraction of colonic crypt homogenates. However, as illustrated in Fig. 1 , partial purification of the crude soluble fraction on a DEAE cellulose column resulted in a sharp peak of activity which eluted at between 0.035 and 0.05 M NaCl. Protein kinase C activity is defined here as the difference between activity measured in the presence of Ca2" plus phosphatidylserine and that measured with Ca2j alone. As illustrated in Fig. 1 particulate fraction has been employed as an index of enzyme activation in intact cell systems (16) . Consistent with previous results that demonstrated that chenodeoxycholate was less effective than DOC as a stimulus for ornithine decarboxylase and
[3H]dThd incorporation into DNA (4), chenodeoxycholate was less effective than DOC at mediating the translocation ofsoluble protein kinase C to the particulate fraction when both bile acids were tested at 5 mM. Moreover, chenodeoxycholate did not induce protein kinase C translocation when tested at 1 mM. In contrast to the effects of TPA, incubation of colonic crypts with 10 MM of 4aPDD or phorbol, which are not tumor promoters (12) , had no effect on the subcellular distribution of protein kinase C activity in colonic crypts (Table I) . Table II illustrates the effects of addition of phosphatidylserine or phosphatidylserine plus OAG, TPA, or DOC to the enzyme assay on DEAE-cellulose-purified soluble protein kinase C activity from colonic crypts. As shown, phosphatidylserine increased enzyme activity sevenfold compared with that observed in the presence ofCa2' (10 MM) alone. Addition of OAG (2 ,M) or TPA (0.2 MM) to enzyme assay mixtures that contained phosphatidylserine plus 10 MuM Ca2+ further increased activity twofold above that seen with phosphatidylserine and Ca2" alone. By contrast, 4aPDD or phorbol had no effect on protein kinase C activity. As is also shown in Table II , raising the Ca2+ concentration from 10 uM to I mM increased protein kinase C activity twofold. Addition of phosphatidylserine further increased enzyme activity fivefold compared with that seen with 1 mM Ca2+ alone. DOC had a slight inhibitory effect on enzyme activity when tested in either the presence or absence of phosphatidylserine, possibly due to its ability to bind Ca2+ (28). Table III illustrates the effects of DOC, chenodeoxycholate, TPA, or OAG on labeled diacylglycerol formation by incu- (Table II) . Table IV illustrates the effects of DOC on the accumulation oflabeled inositol phosphates in incubates of colonic crypts that had been prelabeled with [3H]inositol. As shown, 5 mM DOC significantly increased the accumulation of IP2 and IP3 approximately twofold. The accumulation of IP was also increased by DOC. However, the latter increase was not statistically significant. As is also illustrated in Table IV , a reduction in labeled PIP2 was observed in colonic crypt incubates that contained 5 mM DOC compared with incubations conducted in the absence of DOC. The reduction in PIP2 was sufficient to account for the rise in IP2 and IP3 observed. In contrast to PIP2, no significant change in PI or PIP was observed with DOC. Table V shows the effects of intracolonic instillation of DOC, chenodeoxycholate, TPA, or OAG on soluble and particulate protein kinase C activity in colonic mucosa. In these studies test agents were surgically instilled into the colons of rats. After 10 min the colonic mucosa was scraped and homogenized and the I00,000-g soluble fraction was prepared. Protein kinase C activity was purified by DEAE cellulose chromatography prior to assay. As illustrated, exposure of colons to 5 mM DOC or to 5 or 25 mM chenodeoxycholate resulted in translocation ofsoluble protein kinase C to the particulate fraction. Chenodeoxycholate was less effective than deoxycholate. As is also shown in Table V , intracolonic instillation of 10 or 1 ,uM TPA for 10 min also resulted in a 93% and 48% loss of soluble protein kinase C, respectively, whereas 0.1 MuM TPA was not effective. Intracolonic instillation of 5 mM OAG similarly reduced soluble protein kinase C by 45% (Table V) . By contrast, 4aPDD or phorbol had no effect on soluble protein kinase C activity when tested under the same conditions as TPA. Under all conditions shown in Table V , which led to a decrease in soluble protein kinase C, an analogous increase in particulate activity was observed. Qualitatively similar responses to each test agent were observed when colonic mucosa was harvested at 4 h rather than 10 min after intracolonic instillation of each test agent (data not shown). Fig. 2 (upper panel) , exposure of colons to concentrations of DOC from 1 to 25 mM resulted in a progressive loss (47%-92%) of protein kinase C activity from the 100,000-g soluble fraction. The lowest concentration of DOC that caused a significant reduction in protein kinase C activity was 1 mM. As shown in Fig. 2 (lower panel) , the concentration response relationship between DOC and ODC was similar to that between DOC and percent soluble protein kinase C activity.
Our previous studies had indicated a link between increased reactive oxygen production induced by bile salts and the subsequent increase in proliferative activity of colonic epithelium (5) . Other studies have implicated activation of protein kinase C in the increases in superoxide production induced by phorbol esters in neutrophils (22) . Accordingly, we examined the relationship between activation of protein kinase C and increases in reactive oxygen production in isolated colonic crypts. Fig. 3 (upper panel) illustrates the concentration response relationship between TPA and luminol-dependent CL in colonic crypts. A three-to fourfold increase in CL wis observed in colonic crypts with 10 nM TPA. A 25-fold increase was observed with 1 ,M TPA, and represented the maximal response to this agent. As is also shown in Fig. 3, 1 nM TPA was without effect on CL. Moreover, in contrast to TPA, 4aPDD or phorbol were without effect on CL in isolated colonic crypts. As is also shown in Fig.  3 (lower panel) , concentrations of TPA from 10 to 1,000 nM caused a progressive shift in the subcellular distribution ofprotein kinase C from the soluble to the particulate fraction. Analogous to results obtained with CL, a significant decrease in percent soluble protein kinase C activity was observed with 10 nM TPA. Increasing the concentration of TPA to 1,000 nM resulted in a progressive decline in the percent soluble protein kinase C activity to 10%. 1 nM TPA was without effect on the subcellular distribution of PKC. As is also shown in Fig. 3 (lower panel) , 4aPDD or phorbol failed to alter soluble protein kinase C activity at any of the concentrations tested. of OAG was raised to 100 AM. CL is a nonspecific measure of reactive oxygen production. Accordingly, we examined the effects ofDOC, TPA, and OAG on G2 production employing the more specific cytochrome c reduction assay. As previously reported (5), in the absence ofa stimulus, G2 production is not detectable in colonic crypts. However, significant cytochrome c reduction by colonic crypts was observed in response to 5 Retinoic acid has previously been shown to suppress CL or G2 production in neutrophils (22, 29, 30) and cultured epidermal cells (31) . These actions of retinoic acid are thought to be due to inhibition of protein kinase C activity (22) . We examined the influence of retinoic acid on basal CL and increases induced by DOC, TPA, and OAG in colonic crypts. In these studies, retinoic By contrast, as is also shown, CL induced by addition ofxanthine plus xanthine oxidase to the colonic crypts was not suppressed by retinoic acid, suggesting that any residual retinoic acid remaining in the crypt suspension was not acting as a scavenger of reactive oxygen. Table VIII illustrates the effects of retinoic acid on TPAand OAG-induced increases in soluble protein kinase C activity partially purified from colonic crypts. Consistent with results presented in Table II , phosphatidylserine increased protein kinase C activity sevenfold above that observed in the presence of Ca2( 10 AM) alone. Addition of0.2 AM TPA or 2 AM OAG to assays that contained Ca2+ and phosphatidylserine further increased protein kinase C activity twofold over that observed with Ca2+ plus phosphatidylserine alone. As is also shown in Table VIII , retinoic acid (25-100 AM) had no effect on enzyme activity assayed without phosphatidylserine but suppressed activity measured in the presence of phosphatidylserine by 55%-90%. Retinoic acid (25-100 AM) also markedly suppressed or abolished TPA-and GAG-induced increases in soluble protein kinase C activity from colonic crypts (Table VIII) . Table IX illustrates the effects of retinoic acid on DOCinduced alterations in the subcellular distribution of protein Figure 4 . Concentration-response relationship between DOC and CL or percent soluble protein kinase C in isolated colonic crypts. CL and percent soluble protein kinase C were determined as described in the legend to Fig. 3 and the footnote to Table I , respectively. Results for CL are means±SE of duplicate (with DOC) or 10 (without DOC) counting rates from three separate experiments (n = 3). Results for protein kinase C are means±SE of duplicate determinations from three separate enzyme preparations (n = 3). *P < 0.05 compared with corresponding value in the absence of DOC.
kinase C activity in colonic crypts. As shown, DOC induced a marked shift in the distribution of enzyme activity from the soluble to the particulate fraction. When tested at 100 ,M, ret- inoic acid completely prevented the DOC-induced shift in protein kinase C activity (Table IX) .
Discussion
Demonstration ofprotein kinase C in colonic epithelium. Protein kinase C activity has previously been demonstrated in small intestinal epithelium (32), and a role for this enzyme in intestinal secretion has been proposed (33) (34) (35) . The results of the present study clearly demonstrate the presence ofCa2" and phospholipiddependent protein kinase C activity in colonic epithelium. Some of the properties of soluble colonic epithelial protein kinase C are analogous to those previously reported for this enzyme in other tissues (12, 13, (16) (17) (18) . Consistent with previous studies in some other tissues, Ca2" and phospholipid-dependent protein kinase C activity was not demonstrable in crude 100,000-g soluble fractions of colonic epithelial cell homogenates (16) (17) (18) 36) . This may be due to the presence ofinhibitory phosphatases (37) or to the presence ofhigh levels ofother protein kinase activities, such as Ca2" or cyclic nucleotide-dependent protein kinases, which obscure Ca2" and phospholipid-dependent activity.
Relationship between protein kinase C activation and translocation ofenzyme activity to the particulatefraction ofcolonic epithelium. Activation of protein kinase C results in the formation of an enzyme phospholipid complex both in cell-free and in intact cell systems (38) . Moreover, translocation ofprotein kinase C activity from the soluble to the particulate fraction has been repeatedly observed after exposure of intact cells to TPA, OAG, or thyrotropin-releasing hormone (16-18, 36, 39, 40) . The ability ofall ofthese agents to cause translocation ofprotein kinase C from the soluble to the particulate fraction is presumed to be due to their actions to activate protein kinase C. Thus, TPA and OAG activate protein kinase C activity directly (38, 41) , whereas thyrotropin releasing hormone is known to induce inositol phospholipid breakdown resulting in an increase in the endogenous protein kinase C activator diacylglycerol (39) .
In the present study, exposure ofcolonic epithelium to TPA, OAG, or Ca2+ ionophore (42) . In this regard, the Ca2" ionophore A23 187 has been reported to increase phosphoinositide turnover (43) and high concentrations of Ca2+ may activate protein kinase C directly (12) . Alternatively, DOC actions on membrane phosphoinositide breakdown could be related to its detergent properties, which may alter the interaction of phospholipase C with its membrane phopholipid substrates and thus increase their susceptibility to metabolism. DOC stimulates polyphosphoinositide hydrolysis by platelet cell membranes (11) and hepatic microsomes (44) and by homogeneous preparations of hepatic soluble phospholipase C (45). Of note, in the latter study, the ability of DOC to stimulate phosphoinositide hydrolysis by homogeneous preparations of phospholipase C was not mimicked by Triton X-100 (45), suggesting some specificity for DOC actions.
Relationship ofprotein kinase C activation to increasedproliferative activity in colonic epithelium. Several lines of evidence suggest that activation of protein kinase C is associated with increased cell growth. Thus, a fall in soluble enzyme activity is associated with mitosis, viral transformation, and periods ofrapid growth in cultured cells (16) . Moreover, activation of protein kinase C by TPA and OAG is associated with an increase in
[3H]dThd incorporation into DNA and an increase in ODC in several cell systems (16, (19) (20) (21) . The results of the present study provide support for an association between protein kinase C activation and increased proliferative activity in colonic epithelium. Increases in colonic mucosal protein kinase C induced by bile acids and other activators in vivo were evident within 10 min and clearly preceded enhancement ofproliferative activity.
Thus, changes in protein kinase C were not simply a concurrent of cell replication in colonic epithelium. In our in vivo studies, the concentration response relationship between DOC and loss of protein kinase C from the soluble fraction of colonic mucosa was analogous to that between DOC and stimulation ofmucosal proliferation as reflected by increases in ODC and DNA synthesis demonstrated in the present and earlier studies (4, 5) . Moreover, intracolonic instillation of TPA (1-10 ,uM) 10 ,gM TPA to demonstrate effects (33) . Similarly, the concentration of OAG (1-5 mM) required for optimal effects on colonic proliferative activity in vivo was 20-1,000 fold higher than that required to obtain optimal stimulation of soluble protein kinase C activity in the in vitro assay system employing the partially purified soluble enzyme. This may be related to metabolism of OAG (36) in vivo. However, we cannot rule out the possibility that the ability of TPA and OAG to increase colonic proliferative activity in vivo is due to actions of high concentrations of these agents other than activation of protein kinase C.
Relationship ofprotein kinase C activation to reactive oxygen production. Our previous studies had indicated that reactive oxygen production plays a role in bile salt induced increases in colonic mucosal proliferative activity (5) . Work from other laboratories has implicated reactive oxygen production in the expression of the actions of TPA to increase proliferative activity in mouse skin (31, 44) and cultured hepatocytes (46) and to promote tumor formation in mouse skin (47) . TPA and OAG increase O°production in neutrophils (22, 29, 30) and cultured epidermal cells (31) . Recent evidence suggests that these actions of TPA and OAG require activation of protein kinase C (22, 48) . As clearly demonstrated in the present study, when tested at very low concentrations, TPA and OAG also increased superoxide dismutase inhibitable CL and O°production in colonic crypts. The increases in these parameters in response to optimal concentrations of TPA and OAG were analogous to those seen with optimal concentrations of DOC. The concentration response relationship between DOC and CL was analogous to that between DOC and translocation of soluble protein kinase C to the particulate fraction in isolated colonic crypts. Moreover, the concentration response relationship between TPA and CL was also similar to that observed between TPA and percent soluble protein kinase C activity in isolated crypts. The CL responses to DOC, OAG, and TPA were all abolished by 100 ,uM retinoic acid. The failure of the concentration of retinoic acid tested to block CL generated via the xanthine-xanthine oxidase system implied that retinoic acid was not simply acting as a scavenger of reactive oxygen. The ability of retinoic acid to inhibit TPAinduced O°production but not that mediated by xanthine-xanthine oxidase has been previously observed (22, 49) . Retinoic acid blocked DOC-, TPA-, and OAG-induced increases in CL in colonic crypts at concentrations that were effective at blocking the translocation of protein kinase C activity from the soluble to the particulate fraction of colonic crypt homogenates. The results are consistent with a role for protein kinase C in expression of the actions of DOC, TPA, and OAG to increase reactive oxygen formation in colonic crypts.
Thus, our findings implicate activation of protein kinase C in the process by which bile acids rapidly increase reactive oxygen formation and, subsequently, enhance the proliferative activity ofcolonic epithelium. The mechanism(s) by which the activation ofprotein kinase C and the burst of reactive oxygen induced by bile acids or phorbol esters ultimately lead to the stimulation of the proliferation ofthe colonic epithelium observed in response to these agents remains to be determined.
